It was previously reported that reduced-activation ferritic/martensitic steels (RAFs), such as F82H-IEA and its heat treatment variant, ORNL9Cr-2WVTa, JLF-1 and 2%Ni-doped F82H, show a variety of changes in ductile-brittle transition temperature (DBTT) and yield stress after irradiation at 573 K up to 5 dpa. These differences could not be interpreted as an effect of irradiation hardening caused by dislocation loop formation. In this paper, the effects of irradiation on precipitation of RAFs were investigated to determine how these effects might affect the mechanical properties. The precipitation behavior of the irradiated steels was examined by weight analysis, X-ray diffraction analysis and chemical analysis on extraction residues. These analyses suggested that irradiation caused (1) an increase of the amount of precipitates (mainly M 23 C 6 ), (2) an increase of Cr and decrease of W contained in precipitates, and (3) the disappearance of MX (TaC) in ORNL9Cr and JLF-1.
Introduction
Reduced-activation ferritic/martensitic steels (RAF) are the most promising structural materials for first wall and blanket components of fusion power plant reactors. 1) Current first candidate design of a Japanese test blanket module (TBM) for ITER is a water-cooled system. To use RAFs with confidence for ITER-TBM and early fusion power plants, it is required that the materials maintain their dimensional stability, strength, and adequate fracture toughness for the proposed application temperatures around 573 K. Fracture toughness and ductile-brittle transition temperature (DBTT) are the most important properties to be maintained for the overall service time for safety aspects, and understanding the mechanisms that cause the degradation of fracture properties is very important to develop the ideal RAF for a fusion power plant, and to establish the methodology to evaluate fracture properties changes during service. This is being investigated in the Japan Atomic Energy Research Institute (JAERI) and DOE collaboration program with great emphasis.
In a previous study, 2) it was reported that ORNL9Cr-2WVTa and JLF-1 (Fe-9Cr-2W-V-Ta-N) steels undergo smaller ductile-brittle transition temperature (DBTT) shifts than IEA modified F82H (Fe-8Cr-2W-V-Ta) in its standard and alternate heat treatment conditions after neutron irradiation up to 5 dpa at 573 K. This difference in DBTT shift (ÁDBTT) was not correlated with the irradiation hardening, nor was it believed to be due simply to the difference in Cr concentration. Preliminary TEM microstructure observations were performed on these irradiated specimens, 3) and it was found that the dislocation loop microstructure is not different enough between the different RAFs to explain these property differences. It was also reported by Schaeublin that the irradiation hardening of proton-irradiated F82H-IEA could not be explained by the irradiation-induced dislocation loops, and it was suggested the effects were due to very fine precipitates, which were observed as black spots. 4) In addition to these, the effect of precipitates on grain boundaries on hardness was reported by Ohmura by comparing nano-hardness versus micro-hardness over Fe-C alloys. 5) These investigations suggested the possibility that precipitation under irradiation could have a large impact on mechanical properties. In this study, extensive microstructural analyses were performed with emphasis on precipitates.
Much work has been performed to analyze precipitation under irradiation, and most work involved TEM observations on extraction replica samples or thin foil specimens. [6] [7] [8] This method is very effective to find and analyze the detailed structure of precipitates, or to find minor or very fine precipitates in the matrix. On the other hand, analyses of extraction residue have the advantage of determining the major trend of precipitation from larger specimen volume. In this work, precipitates in irradiated specimens were investigated by examining extraction residue.
Experimental
The primary material used in this investigation was IEAmodified F82H (F82H-IEA). Base metal with two heat treatment variations (standard IEA heat treatment and a heat treatment designated HT2) was irradiated. ORNL9Cr-2WVTa (ORNL9Cr), JLF-1 HFIR heat (JLF-1) and 2 mass% Ni-doped F82H (F82H+2Ni) were also irradiated for comparison. Details of the chemical compositions and the heat treatments are listed in Tables 1 and 2 . Irradiation was performed in the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL) to 5 dpa at 573 K in the removable beryllium (RB) position with Eu 2 O 3 shield. This irradiation does not produce any transmutation-formed helium in F82H+2Ni, as the thermal neutrons are shielded by Eu 2 O 3 (Large amounts of helium can be formed from 58 Ni when thermal neutrons are not shielded. 7) ). Specimens selected for microstructure analyses were 1/3-size Charpy specimens that fractured in a brittle mode (less than 1.0 J) on the lower shelf near the DBTT.
The precipitates were extracted electrochemically in a solution containing 10% hydrochloric acid in methanol at a potential of about 1.5 V with respect to the platinum electrode. The specimen (typically $50 cm 3 , $0:4 g) was slightly polished before extraction to remove surface microstructure. The filters used for vacuum filtering are a coarse filter (pore size 1 mm) and a fine filter (pore size 200 nm). The mass of the specimen and filter were measured with an accuracy of AE0:1 mg before and after extraction. Typical mass of the dissolved specimen and residue is about 0.15 g and 3 mg, respectively. X-ray diffraction analyses (XRD) were performed on residue samples extracted with a fine filter. Samples were analyzed using PANalytical X'Pert Pro MPD x-ray diffractometer with a Ni-filtered Cu K-alpha radiation source at 45 kV and 40 mA. The diffractometer was configured with an incident beam multilayer mirror optic and diffracted beam parallel plate collimator, which yield parallel beam optics and thereby minimize sample surface displacement errors (mainly associated with sample mounting). Axial divergence-limiting Soller slits were used on both the incident and diffracted beam, and the detector was a gas proportional counter. The fine powders were examined as-deposited on the filter materials and radiological safety requirements necessitated covering the powders with a thin film of Mylar (6.35 mm thick) to prevent possible contamination of the system. Consequently, the relatively weak sample diffraction data were combined with diffraction from the Mylar and the filter. The diffraction data were analyzed using Jade version 6.5 software [Materials Data Inc., Livermore, CA, U.S.A.]. The details on processing the obtained data were explained in another report. 9) Chemical analyses were also performed on residue samples extracted with a fine filter. An Inductively Coupled Plasma Atomic Emission Spectrometer (ICPAES) was used to analyze Fe, Cr, Mn, Mo, Ni, Ti, V, W, and an Inductively Coupled Plasma Mass Spectrometer (ICPMS) was used to analyze Ta. The samples were digested using closed vessel microwave digestion. The filters with the melted solids were put into the vessels with 10 mL of concentrated HNO 3 and 2 mL of concentrated HCl. The vessels were sealed and heated to 463 K for 14 minutes. After the vessels cooled to room temperature, the digestion solutions were diluted to 50 mL with Type II water for analysis. The accuracy is þ/À 10% for those elements measured by ICPAES, and þ/À 20% for Ta, as the measured values were smaller than 5 times of the instrument's detection limit.
Phase calculations were performed with JMatPro [Themotech Ltd., Guildford Surrey, UK] on F82H-IEA. Tarelated data were not included in the current Fe database, so Nb was used as an alternative. Calculation were performed from 1873 K and going down to 473 K in 20 K steps.
Results

Mass analyses of extracted residue
The mass of extracted residues before and after irradiation is shown in Fig. 1 . Here the mass of residue obtained with the coarse filter (column denoted ''Large'') is interpreted as the value corresponding to the mass of large precipitates, and the difference of mass obtained with the fine filter and the coarse filter (column denoted ''Small'') is interpreted as that of the small precipitates. These results indicate that during irradiation (1) the mass of larger precipitates increased in F82H-IEA, JLF-1, ORNL9Cr and F82H+2Ni, (2) small mass change occurred in F82H HT2, (3) small precipitates disappeared in JLF-1, and (4) the amount of small precipitates doubled in F82H+2Ni.
Chemical analyses of extracted residue
The chemical composition of extracted residues is shown in Fig. 2 . The results show that (1) the precipitates consisted mainly of Cr, Fe, V and W, (2) Cr increased after irradiation on each RAF except for JLF-1, and (3) W decreased after irradiation ( Fig. 2(a) ). It should be noted that (1) about half of the Ta was included in precipitate before irradiation but dissolved after irradiation in JLF-1 and ORNL9Cr, and (2) Irrad. Unirrad.
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XRD analyses on extracted residue
The XRD analysis on extracted residues (Fig. 3 ) revealed that the majority of precipitates are M 23 C 6 type (denoted with diamond mark) for all unirradiated and irradiated steels. Three distinctive peaks (denoted with triangle) are observed on unirradiated JLF-1 and ORNL9Cr, and those peaks are not detected on irradiated specimens. There is no exact match pattern for those peaks, but the best match is for the TaC peaks. This supposition is quite reasonable as the high number density of Ta-and V-rich precipitates is observed in these steels, 10) and this agrees with the change of V and Ta mass in precipitates shown in Fig. 2(b) . The reason for these peak offsets from TaC would be that MX is a combination of V-and Ta-rich carbides, nitrides, and carbonitrides (M: Ta, V, Ti; X: C, N). The other feature obtained from Fig. 3 is the decrease of the M 23 C 6 peaks of F82H-2Ni after irradiation. It also should be noted that the peaks of all irradiated specimens tended to have broad and shallow peaks with the median about 42 degrees.
Phase calculation results
Figure 4(a) shows the calculated temperature dependence of the phases for the F82H-IEA composition. Figure 4(b) shows the calculated temperature dependences of the elements in M 23 C 6 . The calculated results show that the Cr mass at 573 K is much higher than at 1023 K, the tempering condition, and W mass at 573 K is much lower than at 1023 K. It should be noted that the presence of M 6 C was calculated as it developed from M 23 C 6 in the temperature range from 1023 K down to 923 K, and it changed to Laves phase below 923 K by releasing carbon (see Fig. 4(c) ).
Discussion
The microstructure of irradiated RAFs
The microstructure of irradiated RAFs except F82H+2Ni is shown in Fig. 5 .
3) The major dislocation microstructure consists of small dislocation loops in all RAFs, and larger precipitates were observed on prior austenitic grain boundaries and packet boundaries. Detailed analyses of these microstructures are underway and will be reported in the near future.
Irradiation effects on precipitation
These results obtained from extraction residue suggest that there is an apparent effect of irradiation on precipitation, even though RAFs were irradiated only at 573 K to 5 dpa (5.4 k hours irradiation). This is obvious by comparing the results from the aged F82H-IEA, which was aged at 673-873 K up to 
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Irrad. Unirrad. Irradiation Effects on Precipitation in Reduced-Activation Ferritic/Martensitic Steels 471 11, 12) There are no obvious changes in the mass and chemical composition of the precipitates up to 773 K, except for the fact that M 6 C began to appear after aging at 773 k for 10 k hours. The same level of mass increase was observed on the specimen aged at 823 K, and it clearly corresponded to the formation of M 6 C and Laves in the calculations. It should be noted that M 6 C was observed at this temperature, but for the calculations (Fig. 4(a) ), M 6 C is not present and Laves phase is dominant under thermal equivalent conditions. This might suggest that M 6 C appeared as the precursor of Laves phase. It should also be noted that the mass of W increased as the mass of residue increased on those aged specimens, which would agree with the formation of Laves at the expense of M 6 C.
The evolution of M 23 C 6
Figure 7(a) shows the mass changes of residues corresponding to the amount of large and small precipitates, and Fig. 7(b) shows the mass changes of each element in the residue of each RAF after irradiation. These changes could be interpreted as the changes of M 23 C 6 , because XRD analyses suggested that the major precipitate is M 23 C 6 , and the others are not obvious, as shown in Fig. 3 . Hence, these results could be interpreted as follow: (1) Cr accumulation enlarged the amount of M 23 C 6 , (2) W diffused from M 23 C 6 , (3) small M 23 C 6 disappeared during irradiation in JLF-1, and (4) small M 23 C 6 formed in F82H+2Ni, although, as discussed below, these small precipitates could be M 6 C. The small mass decrease of precipitates in F82H HT2 was apparently caused by W removal from M 23 C 6 .
The phase calculation results shown in Fig. 4 indicate that Cr will be enriched and W will be decreased in M 23 C 6 at 573 K if the composition was that established at the 1023 K tempering temperature, and this tendency is the same as that measured in irradiated RAFs. This suggests that the irradiation of the RAFs accelerated the approach to equilibrium, which usually will not be achieved in a practical time scale of thermal aging. In this case, there is a difficulty on interpreting the increase of Fe shown in Fig. 7(b) , since the calculations indicate Fe should decrease. Radiation-induced segregation (RIS) could be an alternative explanation, since Cr and Fe are known to deplete from boundaries after irradiation 13, 14) as the result of inverse Kirkendall effect, and W would increase as well.
Disappearance of small precipitates (M 23 C 6 ) in JLF-1 could be explained by the possible lath structure recovery under irradiation, and this tendency was also confirmed by TEM observations in another study.
3) This recovery of lath structure on JLF-1 was also reported previously for high-flux neutron irradiation, 15) and in ion irradiation 16) at a relatively lower irradiation temperature compared to other RAFs.
In F82H+2Ni, fine M 23 C 6 may have formed during irradiation. A more likely explanation is that M 6 C formed. The formation of this precipitate was observed in 9Cr-1MoVNb+2Ni and 12Cr-1MoVW+2Ni steels. 7) Since M 6 C is rich in W, this would also explain the increase in W after irradiation of the F82H+2Ni. Such an explanation agrees with the result that the mass of Ni included in the precipitate doubled after irradiation (Fig. 2(b) ). Further microstructural analyses, such as TEM observations of thin foil or extraction replica specimens, are required to address this assumption.
The dissolution of MX (TaC)
The XRD results (Fig. 3) suggest the possibility of MX (TaC) dissolution after irradiation of JLF-1 and ORNL9Cr. This tendency is also confirmed by the results obtained from chemical analyses (Fig. 2(b) ). The solubility of TaC was discussed by Tamura, 17) and it is not possible for JLF-1 or ORNL9Cr to dissolve the TaC under thermal equilibrium conditions. On the other hand, this dissolution of TaC was also observed in an Fe-0.2Ta-0.015C alloy after ion irradiation up to 20 dpa at 773 K. 18) This suggests that the irradiation apparently affects the stability of TaC (MX) precipitate. There could be several possible explanations for this result: the TaC (MX) precipitate became amorphous during irradiation; or the irradiation might change the solubility limit of Ta; or the C concentration in the matrix changed by irradiation and that made TaC dissolve. Further analyses are required to understand this, and work will be performed to discover the mechanism behind this observation.
Possible nucleation of M 6 C
The broad and shallow peaks with a median of about 42 degrees observed with all irradiated specimens in Fig. 3 might be related to the peaks from fine particles of M 6 C (Fe 3 W 3 C), as its highest peak is located at 42 degrees. This suggests the possibility that very fine or amorphous M 6 C (M; Fe, W, Cr: nominally Fe 3 W 3 C) may be present. This conclusion is further supported by the observation of increased precipitation in the F82H+2Ni and the increase in the amount of Ni in the precipitate. Niclel is known to promote M 6 C formation in Ni-containing steels during irradiation. 7) Beside the present result, Wakai et al. observed M 6 C in original F82H after irradiation up to 57 dpa at 573 K, 19) and the nucleation process of M 6 C on M 23 C 6 was reported by Inoue and Masumoto. 20) On the other hand, results obtained from aged F82H and phase calculations in this study suggest that M 6 C could be formed as the precursor of Laves in F82H-IEA (Fig. 4(c) and Fig. 6(a) ). These results indicate that irradiation accelerated the approach to equilibrium in RAFs at the 573 K irradiation temperature, i.e., to form M 6 C and/or Laves phase. On the other hand, Kohno suggested that Laves was not observed in irradiated F82H at the aging temperature/time range, but only observed in specimens irradiated at higher temperature (1023 K). 21) Maziasz also reported the same tendency on aged versus irradiated 9Cr-1MoVNb steel. 22) Further detailed microstructure observations will be performed focused on this discrepancy.
Summary and Conclusions
Reduced-activation ferritic/martensitic steels (RAFs) are being investigated in the JAERI/DOE collaboration program with the emphasis on F82H (Fe-8Cr-2W-VTa). Extraction residues were obtained from five RAFs irradiated up to 5 dpa at 573 K. The precipitate structures were examined by XRD analyses, and chemical compositions were determined by ICPAES to analyze the effect of irradiation on precipitation. Phase calculations were also performed on the F82H composition to determine the thermal equilibrium phases. The following is a summary of the important conclusions:
(1) Irradiation enhanced precipitation in RAFs under temperature conditions where no thermal aging effects were detected. (2) Irradiation caused an increase in the amount of precipitates (mainly M 23 C 6 ), except for JLF-1. 
